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INTRODUCTION
Terpenoids are one of the most important and diverse families of compounds found in nature. To date, more than 70 000 compounds have been discovered (Trikka et al. 2015) and this amount increases each year (Thulasiram 2007) . In plants, terpenes have functions ranging from universal primary metabolites to secondary metabolites, which can even be species-specific. In particular, these compounds can act as structural components of membranes, as a defense against predators, or as pigments and regulators of redox balance, among many others (Lange et al. 2000) .
In addition, isoprenoid applications have been found in different production areas such as nutraceuticals, cosmetics, fragrances, flavors, medicine and agriculture (Gershenzon and Dudareva 2007; Vasey 2008; Expósito et al. 2009 ). Moreover, even some monoterpenes are of interest due to their antiviral, antimicrobial, antioxidant and hypotensive properties.
In plant organisms, all isoprenoids are produced from two, five-carbon (C5) universal precursors: isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), which are synthesized by two independent pathways and localized specifically in the plant cell: the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway (chloroplasts) and the mevalonate pathway (cytoplasm) (McGarvey and Croteau 1995; Lange et al. 2000) .
This compartmentalization allows for selective synthesis of monoterpenes, diterpenes and carotenoids in plastids. Meanwhile, sesquiterpenes and triterpenes are synthesized exclusively in the cytoplasm. Both routes are distributed in nonphotosynthetic organisms, so that prokaryotic organisms have the DXP pathway and eukaryotes have the mevalonate pathway.
IPP and DMAPP are used as basic subunits by prenyltransferases (PTs), which catalyze sequential reactions to synthesize geranyl diphosphate C10 (GPP), farnesyl diphosphate C15 (FPP) and geranylgeranyl diphosphate C20 (GGPP) precursor compounds of sterol and terpene synthesis (McGarvey and Croteau 1995) (Fig. 1) .
Due to its attractive commercial value and its beneficial properties for human health, the production of isoprenoids by metabolic engineering of microbial cell factories, such as Saccharomyces cerevisiae and Escherichia coli, has been thoroughly evaluated (Ro et al. 2006; Brandle and Telmer 2007; Ajikumar et al. 2010) . More recently, the microbial production of isoprenoids has focused on terpenes with applications in flavors and fragrances (mainly mono-and sesquiterpenes), as well as for the production of biofuels (Asadollahi et al. 2009; Brennan et al. 2012) .
Saccharomyces cerevisiae is a unicellular eukaryotic organism that has traditionally been used as a model system in cell physiology studies and, more recently, as a cell factory in biotechnological applications (Verwaal et al. 2007; Tokuhiro et al. 2009; Ignea et al. 2011) . Saccharomyces cerevisiae naturally produces farnesyl diphosphate (FPP) and geranygeranyl diphohosphate (GGPP), the terpene biosynthetic precursors for the sterol synthesis pathway. Thus, most recent efforts in metabolic engineering of yeast have focused on increasing the production of these compounds (Møller et al. 2008; Muramatsu et al. 2008; Tokuhiro et al. 2009) .
Because the mevalonate and DXP pathways in S. cerevisiae and E. coli, respectively, are highly regulated, they limit the microbial production of terpenes. Moreover, the DXP and mevalonate pathways have been expressed successfully in S. cerevisiae and E. coli, respectively, thereby increasing the production of terpenes in the developed strains (Martin et al. 2003) . The potential bottlenecks of both pathways have also been explored. In particular, in the mevalonate pathway, the expression of the HMG-CoA reductase 1 (HMG1), HMG2, FPPS (farnesyl diphosphate synthase) and acetyl-CoA synthase enzymes has been successfully manipulated (Shiba et al. 2007; Asadollahi et al. 2010; Ma et al. 2011) .
Monoterpene production in microbial cell factories has been less studied than the production of sesquiterpenes, diterpenes and carotenoids. However, some studies have been reported in the literature seeking to optimize the available intracellular pool of GPP to allow efficient production of monoterpenes in S. cerevisiae (Oswald et al. 2007; Herrero, Ramón and Orejas 2008; Fischer et al. 2011) .
Meanwhile, in eukaryotes, FPPS is a dimeric key enzyme in isoprenoid biosynthesis, which provides precursors C15 (FPP) for the synthesis of essential metabolites such as sterols, dolichols and ubiquinone. FPPS is the central enzyme in the isoprenoid elongation process, catalyzing sequential condensation of DMAPP (C5) with two molecules of IPP (C5) to produce FPP. FPPS is the best described of the PTs and has two highly conserved domains: FARM (First Aspartate Rich Motif) and SARM (Second Aspartate Rich Motif) (Marrero, Poulter and Edwards 1992) . The catalytic site of FPPS consists of a central cavity formed mainly by an α-helix with the two sites rich in aspartate (FARM and SARM) located at opposite sides (Sanchez et al. 2006) . Aspartate residues mediate the binding of IPP and DMAPP/GPP substrates to the enzyme, via salt bridges mediated by three ions of Mg 2+ (Liang, Ko and Wang 2002) .
Numerous attempts to modify the catalytic activity or product selectivity of PTs have been reported (Marrero, Poulter and Edwards 1992; Tarshis et al. 1996; Narita, Ohnuma and Nishino 1999; Leonard et al. 2010; Ignea et al. 2014) . Initial findings show that product selectivity is particularly determined by the structure around FARM; therefore, this region has been defined as CLD (Chain Length Determination) (Ohnuma et al. 1997) . Moreover, previous reports suggest that replacement of a non-aromatic amino acid in the fourth position before FARM, or the insertion of two residues within FARM, generates a smaller product of one unit of isoprene (five carbons), exclusively generating GPP (Narita, Ohnuma and Nishino 1999) .
Substitutions of aspartate residues in FARM and/or SARM drastically reduce the catalytic activity of FPPS, showing a reduction of V max and k cat in vitro, resulting from an increase in the K m value. Other mutations around FARM and SARM, which do not consider the first position before FARM, have shown variations in product selectivity in the FPPS (Song and Poulter 1994) .
The main efforts to modify product selectivity of FPPS in S. cerevisiae were performed by saturation mutagenesis of residue K197, because the mutation present in the erg20-2 gene (K197E) results in yeast strains that produce geraniol and linalool normally. Mutation by saturation of this residue resulted in a significant increase in the production of monoterpenes at the expense of the yeast's doubling time (Fischer et al. 2011) , i.e. productivity. K197 residue modification affects the binding of the DMAPP substrate and significantly influences the kinetic parameters of FPPS, decreasing the availability of FPP and limiting the production of sterols.
Recently, Ignea et al. (2014) expressed FPPS variants with mutations in residues A99 (C, L, F and W) and F96W in S. cerevisiae and found that co-expression, together with native FPPS, limited monoterpene production (Ignea et al. 2014) . Expression of FPPS variants such as dominant negatives allowed them to obtain significant improvements in the production of monoterpenes.
The increased availability of terpene precursors is essential for the microbial production of plant isoprenoids. Therefore, it is necessary to fine-tune the activity of critical enzymes present in the biosynthetic pathway of these precursors, as well as pathways that act as competitors.
In this work, we first selected strict GPP synthase (GPPS) and FPPS from protein databases and modeled their structures in order to understand the atomic features involved in ligand affinity. Then, we constructed and expressed a library of FPPS (erg20p) mutants in the S. cerevisiae strain BY4741 -erg20p. To obtain in vivo information of the modulation of FPPS activity, we quantified the intracellular concentration of metabolites from the isoprenoid pathway.
The strains capable of accumulating C5, C10 or C15 isoprenoids were selected and characterized. The results confirmed the importance of FPPS activity regulation as a node for the overproduction of precursors for the synthesis of hemiterpenes, monoterpenes and sesquiterpenes in S. cerevisiae.
MATERIALS AND METHODS

Structure of erg20p and docking simulations
The homology model of FPPS from Saccharomyces cerevisiae was built using the structure of FPPS from Gallus gallus (ID code: 1UBX; resolution: 2.5Å; R-value 0201) as a template. This model was built with MODELLER 9v9 and minimized using NAMD 2.9 (Phillips et al. 2005) . To study the protein-ligand interactions, at structural point of view, the structures of IPP, GPP and FPP were modeled, optimized and parameterized using the force field CHARMm36 (Huang and Mackerell 2013). The configurations of the different steps of the catalytic reactions were characterized using docking simulations. Then, the mutations with the suitable energy interactions were submitted to molecular dynamics simulations. With these results, we identified several potential mutations to be studied in detail.
The protein and ligand structures were prepared using Maestro, and subsequently docking simulations were executed using the Glide software (Small-Molecule Drug Discovery Suite 2015-4: Glide, version 6.9, Schrödinger, LLC, New York, NY, 2015). Low-energy configurations were chosen to calculate the relative binding free energy by using Molecular Mechanics Generalized Born Solvent Area (MMGBSA) method. The MMGBSA calculations were performed using Prime module (Schrödinger Release 2015 -4: Prime, version 4.2, Schrödinger, LLC, New York, NY, 2015 . Not only was the sequence of erg20p from S. cerevisiae analyzed, the structure energies were compared against two specific FPPS enzymes (G. gallus and Homo sapiens) and two specific GPPS (Abies grandis and Mentha piperita) using CLUSTAL W (Thompson, Higgins and Gibson 1994) (Fig. 2B and C) . Considering prior studies, the CLD region (Ohnuma et al. 1997) was analyzed in order to determine likely mutations that could modify the ligand's specificity for FPPS. Using the same docking and MMGBSA simulation protocols mentioned previously, binding energies were calculated for the precursors of the desired products. In other words, we proposed that the products have necessarily higher energy than the precursors, due to the expected releasing.
Based in the best docking results, the structural complexes erg20p WT, A99T, A99W, A99K and A99G with FPP/GPP were built for molecular dynamics simulations (MD). The systems were solvated and ionized at 0.15 M NaCl concentration. Additionally, extrabonds were applied to stabilize magnesium coordination sphere. After structural energy minimization, until convergence, each complex was submitted to an equilibration by 5 ns and then a trajectory of 20 ns for data collection. All the simulations were performed using NAMD 2.9 (Phillips et al. 2005 ) with CHARMM36 force field (Huang and Mackerell 2013) . The temperature was maintained at 300 K and the pressure was kept at 1 atm, using an isobaric-isothermal ensemble.
Construction of the library
The introduction of the K197G point mutation in erg20 (Yeast FPPS gene) was performed using the Quick Change II XL kit (Stratagene Inc., CA, USA). Nucleotide replacement was performed with oligonucleotide primers especially designed for this purpose. For the construction of the mutant library on the A99 residue, the methodology called '22c-trick' was used, which reduces redundancy codons at an amino acid ratio of 22:20 using degenerate primers with the NDT, VHG and TGG codons (Kille et al. 2013) . The erg20 site saturation mutants were constructed by PCR, as previously described (Higuchi, Krummel and Saiki 1988; Siloto and Weselake 2012) and inserted into the p426 vector with Gibson assembly (Gibson et al. 2009 ). All cloning processes were performed in the TOP10 strain of Escherichia coli in selective medium (SOB + Amp).
Prior to S. cerevisiae transformation and erg20 wt deletion, ∼100 plasmids were sequenced to verify the nucleotide change and the correct incorporation of the different erg20 mutants to the p426 plasmid.
Library analysis
For the library analysis, we used the BY4741 strain of S. cerevisiae for the functional expression of erg20 variants (Table 1) . To eliminate the influence of erg20 wt, its single allele was deleted by a linear fragment amplified by PCR containing the KanMX gene flanked by sequences homologous to the ERG20 promoter and terminator, so as to remove it by homologous recombination (Baudin et al. 1993) . Transformants were selected on SC-URA agar plates with G418. The stable integration of KanMX and ERG20 disruption was subsequently verified by using specific primers, yielding a PCR product of ∼1000 bp. The BY4741 transformants expressing the erg20 gene or its mutations under the GPD promoter were grown in synthetic complete medium without uracil (SC-ura) for 20 h at 30
• C. These cultures were used as pre-inoculum to seed 5 mL of SC-ura medium with fresh G418 to an OD 600 of 0.1 for 24-48 h for the subsequent extraction of IPP, DMAPP, GPP and FPP for their determination by LC-MS (see below). Maximum specific growth rate (μ max ) were estimated from absorbance data from 96-wells microplate cultures and compared for different strains.
Extraction of metabolites
Five milliliter of culture medium of each strain in exponential growth phase (OD 600 = 1.0-2.0) was harvested, centrifuged at 10 000 rpm at 4
• C and washed twice with 100 mM NH 4 HCO 3 , pH 7.8. The pellet was resuspended in 1 mL of 2-propanol, 100 mM NH 4 HCO 3 (Henneman et al. 2008) . Thymolphtalein phosphate was added to each homogenate (Hyeon Lee et al. 2011) as an internal standard and sonicated on ice twice for 15 min each. Each sample was vortexed, and subsequently 3 mL of acetonitrile was added to deproteinize them. Samples were incubated on ice for 10 min, and then centrifuged for 10 min at 14 000× g and 4
• C.
After transferring each supernatant to a glass tube, they were dried by a nitrogen stream at 30
• C. The residue obtained was resuspended in 500 μL of milliQ water and analyzed immediately or stored at -80
• C until analysis (Henneman et al. 2008) .
Quantitation by UHPLC/mass spectrometry
The separation and quantification of isoprenoids was performed in a Ultra High Performance Liquid Chromatography (UHPLC) Dionex model Ultimate-3000 system consisting of a quaternary pump, an autosampler with temperature control and a temperature-controlled column compartment (Dionex Corp., Sunnyvale, USA) coupled to an Exactive plus mass spectrometer detector (Thermo Fisher Scientific, San Jose, CA). The UHPLC system was controlled by the Xcalibur 2.13 software (Thermo Fisher Scientific). Chromatographic separation was conducted on a Purospher R RP18 column (150× 4.6, 5 μm particle size, Merck). The method used was a modification of Lu et al. and thymolphthalein phosphate (m/z 509.17), and each one at 0.5 μg/mL. The optimized operation parameters were as follows: sheath gas flow rate 48 (arbitrary units), aux gas flow rate 11 (arbitrary units), sweep gas flow rate 2 (arbitrary units), spray voltage 3.5 kV, capillary temperature 300 • C, capillary voltage -50 V, lens tube voltage 50 V.
RESULTS
Determination of binding G FPPS-substrate
Only a limited number of prenyl phosphate synthases are strict for one single product. Particularly, Abies grandis and Mentha piperita have GPPS in plastids that generate GPP as an exclusive product. Moreover, Homo sapiens and Gallus gallus have cytosolic FPPS, which catalyzes the synthesis of FPP as a single final product, although GPP is an intermediate in the synthesis (Fig. 1) . We use a model for A. grandis GPPS homology (GPPS2) and the crystal structures of M. piperita GPPS (3KRF) and two FPPS (1UBW and 4H5C) to estimate the binding energy ( G) of DMAPP and GPP as suitable substrates. Estimates show that both GPPS have higher affinity for the DMAPP (C5) substrate than for the GPP (C10) product. In the case of FPPS, each one separately has greater affinity for GPP as a substrate compared to DMAPP (Fig. 2A) .
To validate our model, we calculated the G (difference of the interaction energy between a protein and two different ligands) for each enzyme, which showed that GPPS have a positive G, while FPPS have a negative G, reflecting its ability to accept GPP as a substrate (Fig. 3) . This G was used to assess the ability of mutant strains of FPPS (erg20p) to produce GPP in silico.
Based on the sequence and structural analysis, the residues K197, Q168, E165, A99 and F96 were chosen to determine the binding G for both substrates (DMAPP and GPP). The residue K197 was used as a control for our estimation method of product selectivity. The in silico analysis of the mutation K197E (erg20-2) and K197G revealed an increase in substrate binding G to the C5 substrate (DMAPP) without affecting the affinity for the C10 substrate (GPP) (Fig. 4A) , which generates an increase of G (Fig. 4B ) and favors the production of GPP, as previously described (Fischer et al. 2011) .
The other proposed mutations for erg20p were evaluated to estimate the best candidates (Fig. 4A) . Only the substitutions E165M, A99H, A99K and A99R showed an inversion of binding G values, as shown in the black box of Fig. 4A . Similarly, the in silico analysis of these mutations showed increased G (Fig. 4B ). Given the prevalence of the substitution A99H-the first residue prior to FARM in the strict GPPS-it was chosen for all following in vivo analyses. 
A99 saturation mutagenesis on FPPS
All strains expressing erg20p variants with mutations at residue 99 showed significant changes in the intracellular concentration of isoprenes phosphate. The FPPS mutations analyzed affected both the total concentration of isoprene (Fig. 5) as the individual concentration of each one (Fig. 6) . The mutations A99P, A99Q and A99Y showed a significant accumulation of isoprene phosphate (Fig. 5) , particularly of IPP and/or DMAPP, which were not detected in the wt strain. This increase of total isoprene was probably mediated by a regulatory feedback mechanism given the deficit of FPP and activity of FPPS of erg20p, causing the consequent accumulation of DMAPP and IPP in these strains (Fig. 6) .
The strains A99W, A99G, A99Y, A99P and A99Q showed a significant increase in the total concentration of isoprene: 2.1; 2.4; 3.1; 6.0 and 8.0 times, respectively, compared to the wt strain. Meanwhile, the strain expressing the A99T variant contained 60% less total isoprene. The other strains tested showed no significant difference with the wt strain. Several of the analyzed strains accumulate DMAPP/IPP. In particular, the A99P, A99Y and A99Q strains reached concentrations of 67; 39 and 101 nM/OD. Others, such as A99E, A99R and A99W only showed a slight increase, with concentrations close to 1 nM/OD. Finally, we did not detect DMAPP or IPP in the wt, A99V, A99H, A99G and A99T strains.
The strains expressing erg20 A99X showed various effects on the GPP concentration. Moreover, only the A99T and A99V mutations behaved similarly to the wt strain with respect to the These residues are located at the cavity that allows the extension of GPP aliphatic chain.
GPP content. Furthermore, we did not detect GPP in A99G, A99K, A99Y and A99Q. All other strains showed an increase in GPP concentration; in particular, the A99W and A99P mutations increased the concentration of GPP by 3-and 1.6-fold, respectively. By contrast, the mutation A99G considerably favored the accumulation of FPP, even decreasing concentrations of GPP below the limit of detection (LOD = 0.5 ppb), which was the only mutant analyzed that behaved in this way.
The molar distribution of isoprene varied significantly for almost all analyzed mutations. Only the A99V and A99R strains had similar proportions of isoprene to the wt strain, which presented an abundance of GPP of 38% and 62% for FPP (Fig. S1 , Supporting Information). The rest of the strains showed significant differences in relation to the wt strain, mainly favoring the accumulation of an isoprene at the expense of the others. For example, the A99W strain increased the proportion of GPP to 52%; furthermore, the A99T strain almost exclusively produced GPP with regard to the total isoprenes without affecting their intracellular concentration.
Among the analyzed mutations, we also found variants that favored the proportion of FPP, such as A99E and A99G, which increased to 83% and 100%, respectively.
Solvent-accessible surface area residues around FPP/GPP
To determine how the binding site is perturbed by single-point mutations, the changes of the area formed by the residues around the aliphatic tail of ligands were analyzed. As seen in Table 2 and Fig. S2 , Supporting Information, the cavity dimensions differ among mutants systems. In GPP systems, area values rise for mutants, which show higher accumulations of GPP (>20Å 2 ). For A99K/GPP and A99G/GPP systems, the elongation cavity presents steric obstruction and an area reduced that presumably preventing the aliphatic chain elongation. In FPP systems, the binding sites have been perturbed by the FPP insertion, so then the areas were obtained from altered cavities. These conformational states could be not observable in experimental systems with low FPP concentration as A99T or A99K.
Basically, solvent-accessible surface area (SASA) for mutant A99G, which displays a higher FPP production, is quite similar to the WT system (216 and 213Å
2 ). For A99K and A99W, the area dimension can be related to the orientation fluctuations of the lysine and tryptophan along trajectories.
DISCUSSION
The in silico analysis of the determinant residues in product selectivity carried out in the present study allowed us to determine a clear difference in the G between GPPS and strict FPPS, demonstrating high descriptive capacity over PTs that generate a single product.
Once the model was implemented, it was used as a predictive tool to identify possible residue determinants in erg20p product selectivity. We identified several previously described residues, which determined this selectivity and we evaluated those presenting greater variation in the calculated G. The erg20 gene encodes for the essential enzyme FPPS in Saccharomyces cerevisiae. FPPS catalyzes the synthesis of FPP, a biosynthetic precursor of many essential components of the cell. Therefore, any modification of this gene may significantly alter the growth of S. cerevisiae. In fact, all mutations analyzed in our study caused variations of the specific growth rate of S. cerevisiae (see Table 1 ) with similar OD 600nm = 2.7-3.4 at 48 h (see Table S1 , Supporting Information). Some of the mutations were not possible to obtain, probably because of their lethality towards the yeast or because their growth was so slow and it could not be detected on agar plates when selecting clones. The strains that showed a significant decrease in the specific growth rate were not used for further analysis. However, it should be noted that the mutations that resulted in slow growth, could be inducible expressed after obtaining sufficient biomass.
The co-expression of FPPS A99X with FPPS wt generated no significant changes in intracellular concentrations of isoprene phosphate or growth of the strains. As in previous reports, we did not detect fluctuations in the production of limonene when co-expressing erg20p/erg20-2 (data not shown) (Oswald et al. 2007) . Even when expressing these variants in multicopy vectors under the strong GPD promoter, it was not possible to observe significant differences with the wt strain (data not shown).
Of all strains tested, a particular group, composed of the mutations A99P, A99Q, A99Y and A99K significantly accumulated DMAPP and IPP, a fact that does not occur in the wt strains or any of the other strains tested.
A99K, A99Q and A99Y mutations probably cause a decrease in the catalytic activity of FPPS, and GPP or FPP are not detected. As FPP is an essential metabolite in S. cerevisiae, these strains probably produce low levels of GPP, which is used for the synthesis of FPP. Particularly, A99K variant has the highest G, although this strain did not accumulate detectable levels of GPP and/or FPP. Probably, this mutation impacts the catalytic activity of the enzyme, triggering DMAPP/IPP accumulation.
In the case of the mutant A99P, significant levels of GPP were quantified, even higher than measured in the wt strain. This mutation probably reduces FPPS enzyme activity without decreasing its GPPS activity, producing undetectable levels, but sufficient for the viability of the strain.
Decreasing GPP and FPP-and probably ergosterol-in the A99P, A99K, A99Q and A99Y strains apparently activates the mevalonate pathway or some sterol-related regulatory mechanism (UPC2) like SREBPs (Sterol Regulatory Element-Binding Proteins), as an increase is observed in the concentration of total isoprene phosphate in strains that accumulated DMAPP-IPP, a product of reduced catalytic activity of mutants (Vik and Rine 2001) . Further studies are required to assess the catalytic activity of A99X variants and to confirm and support this argument. The A99T strain showed no detectable levels of DMAPP-IPP and FPP. However, the intracellular concentration of GPP was similar to the wt strain. The selectivity of this mutation can be explained by an increase in the instability of the interaction of GPP with the active site of FPP A99T (Fig. S1, Supporting Information) . This instability allows enhanced release of GPP as a product and limits its function as a substrate for the synthesis FPP.
Saccharomyces cerevisiae expresses the phosphatases LPP1 and DPP1, which have the ability to dephosphorylate GPP and FPP mainly generating prenyl alcohols such as geraniol, linalol and farnesol (Chambon et al. 1990 ). Thus, the limited accumulation of GPP in the A99T strain could result from the action of these phosphatases and the consequent consumption of GPP. In order to confirm this assumption, it is necessary to quantify the production of geraniol.
The expression of the A99G mutation caused an increase in the accumulation of FPP, which was the only detectable product. The substitution of alanine for glycine increased the volume of the active site, particularly in the area where the terminal end of the aliphatic chain of FPP is located, which probably led to an increase in the stability of FPP in this region.
The residue A99 of FPPS in S. cerevisiae corresponds to the first residue before FARM. The analyzed mutations show that this residue is crucial for the chain extension of the product. Moreover, some modifications of this residue decrease the catalytic activity of this enzyme, accumulating DMAPP/IPP and reducing the intracellular concentration of GPP and FPP to undetectable levels.
In view of the mixed effect over isoprene phosphates of the different variants analyzed, we propose to evaluate the A99T variant as a potential candidate for monoterpene overproduction. Indeed, the latter showed exclusive accumulation of GPP, without detectable FPP, suggesting an important redirection of the metabolic flux to the monoterpene precursor GPP.
Results for the A99G variant suggest a substantial improvement of the FPPS activity, which translated in a significant increment of FPP concentration. Further work on the impact of this mutation in sesquiterpenes-or larger terpenes-overproducing strains is underway.
Unexpectedly, the strains expressing A99P, A99Q and A99Y mutations did not show detectable levels of GPP or FPP. However, these strains accumulated considerable amounts of DMAPP and/or IPP, i.e they are potential candidates for isopreneproducing strains.
CONCLUSION
The present study allowed us to characterize the effect of the expression of various FPPS mutants in vivo, completely eliminating the effect of wt FPPS activity, preventing its action as a homo-or heterodimer, as the native erg20 gene was deleted.
Using this current approach, it was possible to identify various FPPS mutants that increase the concentration or the relative abundance of DMAPP-IPP, GPP or FPP in S. cerevisiae in vivo. This provided several variants of FPPS, which favor the availability of precursors for the production of hemiterpenes, monoterpenes and sesquiterpenes in strains expressing these terpene synthases.
It is important to consider repressing or deleting the native erg20 gene for the production of mono-and hemiterpenes to decrease the FPPS activity in the strain to be used, which is similar to the previously described need to inhibit other enzymes of the ergosterol pathway, such as squalene synthase for producing sesquiterpenes, diterpenes and carotenoids.
